INTRODUCTION
A project to understand the distribution, kind, and extent of landslide processes in New Mexico was begun in 1987 as part of a cooperative agreement between the U.S. Geological Survey (USGS), Institute di Ricerca per la Protezione Idrogeologica (IRPI) of the Italian National Research Council, the New Mexico Bureau of Mines and Mineral Resources, and the New Mexico Highway Department. New Mexico was chosen because of the joint interest of scientists and engineers in these agencies, because of the paucity of information about landslide processes in areas with arid and semi-arid climate, and because aerial photographs to study landslide processes are available for the entire State. The investigation was intended to cover all New Mexico in 2 years with only 3 people (Guzzetti, Brabb and Mark) and very limited research funds.
Preliminary results for the northern one-third of the State were provided by Guzzetti and Brabb (1987) and by Brabb and others (1989) . They found that landslide processes are extensive and diverse in character. They commented that the processes do not seem to be related to physiographic provinces provided by Fenneman and Johnson (1946) and Hammond (1964a, b) .
Landslides in the remaining two-thirds of New Mexico were eventually mapped and the results released in Open Files of the U.S. Geological Survey by Cardinal! and others (1990) . The project to examine the relation between landslide distribution, geology and slope using the computer-assisted methodology developed by Brabb and others (1978) , Newman and others (1978) and Mark (in press) for part of California is in progress.
Digital data sets of all New Mexico developed by these investigations provided an unusual opportunity to explore physiographic and regional landform subdivisions in relation to landslide processes. This opportunity and a background in landform modelling (Dikau, 1989) persuaded Dikau to join the project in May 1990, funded by the German Research Foundation (Deutsche Forschungsgemeinschaft, Bonn) . This report provides a preliminary assessment of results related to the classification of landforms. Eventually, we hope to analyze the relationships between landform types and landslide processes.
MANUAL LANDFORM CLASSIFICATION
Landforms are the product of both long and short-term processes that operate principally in response to climate, water, geology, tectonics and vegetation. Landforms in New Mexico were grouped by Hammond (1954 Hammond ( , 1964a Hammond ( ,1964b The window size was chosen because "it is neither too small as to cut individual slopes in two and thus distort the determination of local relief, nor so large as to include areas of excessive diversity or to augment local relief figures by adding in long regional slopes" (Hammond, 1964a, p. 17) . The window was moved in increments of 9.65 km so that there was no overlap. In each window, Hammond estimated the percent of area where the slope is flat or gentle (less than 8 percent, 4 classes), local relief (maximum minus minimum elevation, 6 classes), and the profile type expressed as relative percentage of flat or gentle slope areas that occur in lowlands or uplands (4 classes).
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The combination of these attributes could provide as many as 96 landform units. Hammond determined that less than one-half of these are common in the United States, so he used only 45 units on his map. Hammond merged areas smaller than 2072 km2 into adjacent units so that he could generalize the information at the 1:5,000,000 scale of his published map. Evans and others (1979) proposed automating the classification scheme used by Hammond, but they also recommended postponing such a task until the quality of the DMA data is assessed and other tests are performed.
COMPUTER CLASSIFICATION
The method used in this report follows that of Hammond closely, except as indicated in Table 1 . Our main modifications are that we used a computer to make the classification, we used no generalization procedures and we included all 96 landform units in our analysis. We changed some of the unit terminology used by Hammond, and we chose a window movement in 200 m steps.
A summary of the principal hardware and software used in the analyses is provided In Table 2 . None of the computer routines has been published, and nearly all of them were developed for other projects.
BASIC DATA-DIGITAL ELEVATION MODEL
Elevation and slope are essential information in the classification used by Hammond (1964 a, b) in preparing his landform classification and the computer approach used in this repon.
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Hammond Digital approach Hammond. The only elevation information available in digital form for the entire state of New Mexico was prepared at a 3 arc-second resolution by the Defense Mapping Agency (DMA) and is now distributed in 1-degree blocks by the U.S. Geological Survey (1990) . Spacing of the elevations in this DEM in north-south and east-west profiles is 3 arc-seconds. According to the U.S. Geological Survey (1990), the production objective for this DEM was to satisfy an absolute horizontal accuracy of 130 m and an absolute vertical accuracy of ±30 m. As pointed out in the same report, the relative horizontal and vertical accuracy "will in many cases conform to the actual hypsographic features with higher integrity than indicated by the absolute accuracy." This accuracy was confirmed by Isaacson and Ripple (1990) , who compared 7.5-minute DEM data with the DMA 1-degree DEM data sets, and found good correspondences in areas of mountainous terrain.
The 3 arc-second DMA DEM for New Mexico was regridded to 36 million elevation points spaced equally at a ground distance of 100 m by using the technique described in Brabb and others (1989) . In order to manipulate the data on our limited computer resources, this regridded DEM was regridded again to a spacing of 200 m ground distance using the grid modeling system mentioned on Table 2 . This program selects each second point of the original DEM.
CALCULATION OF SLOPE
The 200 m DEM was converted to a slope map (not shown) by moving a window of 3 by 3 elevation points across the data set in 200 m intervals (see Table 3 ). On each placement of the window, the 9 points were used to construct a quadratic surface. The slope of this surface, in percent, was assigned to the point in the center of the window (refer to Mark and others, 1988 , for diagrams and additional information).
The percentage of areas where slope is less than 8 percent (gentle slopes in the Hammond classification) were then identified by moving a window with 49 by 49 slope points across the data set in 200 m intervals. The area of this window, 9.8 km (6 mi), is close to the 9.65 km used by Hammond. To fit the Hammond classification, the data obtained by this procedure were then divided into areas of less than 20 percent, 20 to 50 percent, 50 to 80 percent, and more than 80 percent gentle slope.
LOCAL RELIEF
A moving window with 49 by 49 elevation points was then moved across the data set in 200 m increments to determine the difference between maximum and minimum elevation. The data obtained by this procedure were then divided into areas where the local relief corresponds to the 6 ranges used by Hammond.
PROFILE TYPE
The profile type is expressed as an index relating the gently sloping areas to upland or lowland situations. Hammond used the profile type to subdivide Tablelands (TAB) as upland units and Plains with Hills or Mountains (PHM) as lowland units. Hammond (1958 Hammond ( ,1964a . Only the principal operations are shown-many minor operations such as rescaling, are not included. Program names are for identification purposes only none of these programs has been documented or released to the public. Uplands are defined as areas where the maximum elevation minus the elevation at the mid-point of the moving window is less than one-half the local relief. Lowlands are areas where this value is more than one-half the local relief. To demonstrate this procedure graphically, we selected in Figure 2 a simplified scheme of a cuesta scarp slope where the minimum and maximum elevation and the window mid-point are located on a line which forms the diagonal of the moving window. If the maximum elevation is 2000 m and the elevation at the mid-point of the window is 1800 m, subtraction yields 200 m, which is less than one-half of 2000. Thus, the area is an upland. In most cases, the maximum and minimum elevations and the mid-point of the window will not be along the same line as shown in Figure 2 , but the relationships will still apply.
LANDFORM UNITS
The computer uses the information from the window operations for slope, local relief, and profile type to assign each of the 8,000,000 pixels to one of the 96 landform subclasses that conform to the familiar Hammond scheme. The automated sorting procedure reproduces the manual styles followed by Hammond. Table 4 shows these subclasses that have been grouped into 24 classes and 5 landform types. Similarly classified pixels tend to group spatially to make landform units. On our map of landforms, Plate 1, we distinguish only the 5 major types for this preliminary report. Names of the principal landform types are the same as those used by Hammond (1964a, b) . Names for three class categories (open very low hills, very low hills and low hills) have been added to the 21 used by Hammond, and the names of some of Hammond's classes have been modified slightly to be more consistent. Hammond used letters and numbers to delineate the 45 subclasses on his map; we used all 96 possible subclasses to investigate the relative extent of each subclass.
The relative frequency of the 42 landform units that comprise 99.9 percent of the area in New Mexico is shown on Table 5 
SHADED RELIEF IMAGES
A stereo image of the terrain was needed to evaluate the accuracy and information content of the map prepared from the Hammond classification scheme (Plate 1). The DEM was converted to a red/blue stereo shaded relief image (not shown) using an image processing system available in the U.S. Geological Survey's Geographic Information Systems Research Laboratory in Menlo Park ( Table 2 ). The stereo image was used visually many times to check the landform units on Plate 1. 
The shaded relief map in this report (Plate 2) was prepared from the 200 m DEM using the method described by Mark and Aitken (1990) . A sun azimuth of 315°, located 30° above the horizon, and a vertical exaggeration of 2X were used to prepare the image.
REGIONAL INTERPRETATION
The digital landform map (Plate 1) indicates:
(1) Hills and Mountains (HMO) areas (< 20% gently sloping land) form the core areas, as the term is used by Wood and Snell (1960) , of the 9 principal mountain chains: Sangre de Christo, San Juan, San Pedro and San Jemez, Chuska, San Mateo (Mt. Taylor), Monzano and Sandia, Mogollon (including the Black Range, San Mateo and Magdalena Mountains), San Andres, and Sacramento Mountains.
(2) The core areas of these mountain chains (HMO) are surrounded by Open Hills and Mountains (OPM) which may vary significantly in size and shape. For example, the west-facing slopes of the Sacramento Mountains (near Carrizozo) are characterized by OPM units with a 2 to 5 km width, whereas the east-facing slopes have a very broad OPM transition as wide as 10 to 50 km extending to the TAB and PHM of the western Pecos Valley region. (4) Medium-relief landform units between Hill and Mountains (HMO) and Plain regions (PLA) cover about 70% of the whole state and include Tablelands (TAB; 14.5%) and Plains with Hills and Mountains (PHM; 55.5%). They are created by combining areas with > 50% gently sloping land and local relief values more than 91.5 m (see Figure 1) . Because PHM regions are so widespread, some of their characteristics will be discussed in more detail. Units A4a, A5a and B5a comprise the largest areal extent (30%) of PHM subclasses. They are located in areas with high percentages of gently sloping land in close proximity to areas with high local relief. Other locations are single hills and mountains on flat plains (Figure 3a) . A more detailed comparison with topographic maps at 1:100,000 scale reveals that the transition zones cover gently sloping areas mainly in front of steeply sloping parts of hills, mountains and tablelands. In those areas, they characterize the neighborhood of landforms with higher relief, and they could be used to delimit those units. The transition zones are created by the effects of the moving window, which covers flat areas and areas of higher relief simultaneously (see Figure 3b ).
Hammond did not include A-4, A-5, and A-6 units in his classification system (Figure 1 ). We speculate that he probably absorbed these zones into adjacent classes because they are all smaller than 7 km in maximum width. We put these units provisionally into the corresponding subclasses of TAB and PHM (Table 1) . (5) Unit TAB occurs exclusively in upland areas, mostly in northeast New Mexico. This part of the State is characterized by extensive cuesta-scarp (mesa) landforms, such as those east of Las Vegas, south of Santa Rosa and south of Tucumcari.
(6) A 50-km-long mesa area approximately 40 km northwest of Conchas Lake has been classified as Open Hills and Mountains (OPM). This different unit within a typical PHM and TAB landscape is explicable by incision of the mesa border and a lower percentage of gentle slope area.
TAB is replaced by PHM (Figure 3b ) 20 to 40 km behind the mesa border as the relief diminishes, reflecting the change from upland into lowland classes. A similar change occurs 35 km south of Tucumcari where a tableland strip 5 km wide (including the upper cuesta-scarp slopes) changes into the large plain areas of southeast New Mexico (see Figure 3c ).
COMPARISON OF OUR MAPS WITH THOSE OF HAMMOND
As expected, there are differences between the map in this report and the one made by Hammond. These differences are probably caused mainly by different data resolutions and different increments of the moving window. On the other hand, Hammond's landform map is highly generalized and created for scales between 1:3,000,000 and 1:7,000,000. Because no manual or digital generalization procedures were used in this report, a comparison of both maps can only be based on interpreting the main, broad-scaled morphometric structures.
(1) The Plains (PLA) units of our map show a good correspondence with Hammond's classes in the east-southeast part of the state. Both maps classify these regions with A2 attribute combinations. A larger difference is in the flat areas of the Tularosa Valley (appr. 4,000 km2) which is, according to Fenneman (1931) , part of the southwest Basin and Range province. In that area, A1 and A2 units are shown on our map where Hammond mapped B6a (PHM) landforms.
(2) In Hammond's map, Tablelands (TAB) cover large regions of the northeast and northwest of New Mexico. This unit is reproduced adequately in the northeast but not in the northwest of the State. In the northwest part, classified by Fenneman (1931) as part of the Colorado Plateau, the digital approach created large areas of PHM units and only small TAB areas. 
CONCLUSIONS
A computer-derived classification of landforms in an entire state following the manual methodology of Hammond has been prepared. To our knowledge, this is the only successful automation of the Hammond approach yet attempted. The digital method seems to work quite well, providing similar patterns for most of the major landform types and much greater detail for classes and subclasses of landforms. The availability of the DMA DEM for the United States indicates that the entire country could be reclassified in greater detail. Indeed, the landforms in any country or area with a DEM could be classified easily and readily.
